Formation of aerobic granular sludge was investigated using a laboratory-scale continuous-flow reactor. Although it is generally thought that aerobic granular sludge can be formed only when a sequencing batch reactor (SBR) is used, formation of aerobic granular sludge was observed using a continuous-flow reactor in this study. The formation was observed only when nitrification well occurred in the reactor, and any indication of the aerobic granulation was not observed in the presence of nitrification inhibitor. Therefore, it was considered that existence of nitrifying bacteria is responsible for formation of the granular sludge. It has been reported that existence of slow growing organisms like nitrifying bacteria induces formation of granular sludge when an SBR is used. Hence, it was considered that formation of aerobic granular sludge is possible in the presence of certain population of nitrifying bacteria even when a continuousflow reactor is used. To our best knowledge, this is the first study that indicates the possibility of forming aerobic granular sludge in a continuous-flow reactor where organic wastewater is fed. These findings will contribute to dissemination of aerobic granular sludge technology because continuous-flow reactors are more widely used all over the world than SBRs.
INTRODUCTION
In recent years, aerobic granular sludge technology has received much attention because of its specific characteristics and wide applicability de Kreuk et al., 2007) . Aerobic granular sludge has some advantages over conventional bioflocs, such as excellent settleability and high biomass retention (Di Iaconi et al., 2004; Liu et al., 2005) , and is applicable to removal of not only organic carbon but also nitrogen and phosphorus (Kishida et al., 2006; Zhou et al., 2008; Winkler et al., 2011) .
Aerobic granulation of suspended growth aggregates is a phenomenon that has been most frequently observed in systems applying the sequencing batch reactor (SBR) concept (Dulekgurgen et al., 2003; Wilderer and McSwain, 2004; Ivanov et al., 2005; Mosquera-Corral et al., 2005; Kishida et al., 2008; Li et al., 2008) . However, in our previous studies, aerobic granulation was observed in a continuous-flow aerobic upflow fluidized bed (AUFB) reactor when completely inorganic wastewater containing high concentration of ammonia was fed (Tsuneda et al., 2003; Kishida et al., 2010) . Campos et al. (2000) has also reported aerobic granulation using a similar continuous-flow reactor although they inoculated the sludge coming from the effluent of a nitrifying biofilm airlift reactor using carrier materials. This phenomenon is unique. To disseminate aerobic granular sludge technology, establishment of a formation method in a continuous-flow reactor is very important because continuous-flow reactors are more popular than SBRs all over the world. However, successful experience of aerobic granulation in a continuous-flow reactor where organic wastewater is fed has not yet been reported. Specific objective of this study is to investigate formation of aerobic granular sludge in a continuous-flow AUFB reactor where organic wastewater is fed. For this purpose, three AUFB reactors were operated, and morphology and settleability of sludge inside the reactor were investigated.
MATERIALS AND METHODS Reactor Configuration and Operation
Three AUFB reactors with an effective volume of 6.3 L, an internal diameter of 5 cm, and a height of 3.2 m, were used as continuous-flow reactors. The schematic illustration of the AUFB reactor is shown in Fig. 1 . Details of the structure are described in our previous paper (Kishida et al., 2010) . Using the same-shaped reactor, the formation of nitrifying granular sludge was observed in our previous studies when completely inorganic wastewater is fed (Tsuneda et al., 2003; Kishida et al., 2010) . Influent wastewater and air were introduced from the bottom of the reactors.
Water temperature of the reactors was maintained at 22 ± 2°C, and pH was kept at 7.0 ± 0.2. Initial mixed liquor suspended solid (MLSS) concentration in the reactors was set at 5,000 mg/L in Run 1 while that in Runs 2 and 3 was set at 7,000 mg/L as shown in Table 1 . An aeration rate was maintained at 0.5 -1.0 L/min. An initial organic loading rate in all Runs was set at 3.0 kgCOD/m /d in only Run 1 by decreasing hydraulic retention time (HRT) from 0.50 to 0.33 and 0.25 d on days 132 and 140, respectively. On the other hand, the organic loading rate and HRT in Runs 2 and 3 were not changed during the entire experimental period. The difference between Runs 2 and 3 is only addition or non-addition of a (Smolders et al., 1994) .
Wastewater Composition and Seed Sludge
Seed sludge was obtained from an aerobic basin of a municipal wastewater treatment plant (Tokyo; Japan). However, the date of obtaining seed sludge is different among Runs 1, 2 and 3 because Runs 2 and 3 were operated later based on the results of Run 1.
Analytical Methods
MLSS and sludge volume index (SVI) were analyzed in accordance with standard methods (APHA, 1998). NH 4 -N was determined using ion chromatograph (DX 120, Dionex, Japan). Both NO 2 -N and NO 3 -N were measured by ion chromatograph (IC 2001, Tosoh, Japan) . Dissolved organic carbon (DOC) was determined using a total organic carbon analyzer (TOC 5000-A, Shimadzu, Japan). The development of aerobic granular sludge was observed using an optical microscope (VH-Z450, Keyence, Japan). Figures 2 and 3 show time courses of MLSS, SVI and removal efficiencies of DOC and NH 4 -N in Run 1, respectively. At the start-up period, drastic decrease of MLSS was observed due to poor sludge settling ability. SVI temporarily increased to 330 mL/g-MLSS. The NH 4 -N removal efficiency decreased to 9.2% although the DOC removal efficiency was stable. To increase MLSS, sludge inside the settling tank was returned on day 30. After the sludge return, NH 4 -N removal efficiency temporarily recovered, but decreased again after day 50 although MLSS did not decrease. This is probably because the diameter of the sludge increased as shown in Fig. 4 , and dissolved oxygen (DO) concentration inside the large sludge decreased. It is well known that DO concentration Table 1 -Operational condition in Runs 1, 2 and 3. gradient forms inside biofilm, and oxygen at the inner part of the biofilm is limited, which influences the growth of nitrifying bacteria. Consequently, decrease in SVI temporarily stopped around day 50. However, after day 70, SVI gradually decreased again due to the increase in the diameter of sludge, and MLSS increased. Then NH 4 -N removal efficiency recovered. On day 91, many large sludge particles with diameters of more than 200 µm were observed in the reactor as shown in Fig. 4 . It was suggested that minimum size of the aerobic granular sludge is 200 µm at the 2nd aerobic granular Increase in the organic loading rate Aeration trouble sludge workshop (de Kreuk et al., 2007) , and therefore, it is possible to judge aerobic granular sludge was formed from the viewpoint of sludge size. Another morphological characteristic of aerobic granular sludge is smoothness of the sludge surface (Adav et al., 2008) . As shown in Fig. 4 , the surface of the sludge particles on day 91 was smooth. In addition, SVI was around 50 mL/g-MLSS at this period. This value is much lower than that of conventional bioflocs (activated sludge) and similar to that of aerobic granular sludge formed in an SBR (Kishida et al., 2009) . As a whole, it can be judged aerobic granular sludge was successfully formed in Run 1.
RESULTS AND DISCUSSION Formation of Aerobic Granular Sludge in an AUFB
Meanwhile, after increase in the organic loading, drastic decrease in nitrification activity was observed although the DOC removal efficiency was stable. At the same time, aerobic granular sludge was covered by fluffy biomass, and the surface of the granular sludge became rough on day 150 as shown in Fig. 4 . In addition, SVI increased to 86 mL/g-MLSS, and MLSS in the reactor drastically decreased. These results demonstrated that aerobic granular sludge with smooth surface and well settleability was maintained only when nitrification well occurred in the reactor. Therefore, it was considered that existence of nitrifying bacteria might be involved in formation of the granular sludge. It has been reported that existence of slow growing organisms like nitrifying bacteria induces formation of aerobic granular sludge (De Kreuk and van Loosdrecht, 2004; . This mechanism has been well studied in a wastewater treatment system using a normal biofilm. Picioreanu et al. (1998) have demonstrated that a parameter to enhance the control of biofilm stability is the actual growth rate of the micro-organisms inside the biofilm by a mathematical modeling. To verify this hypothesis experimentally, we compared the granulation process in continuous-flow reactors with and without addition of nitrification inhibitor in the latter experiment (Runs 2 and 3). Figure 5 shows time courses of removal efficiencies of DOC and NH 4 -N in Runs 2 and 3. There is large difference in the NH 4 -N removal efficiency between Runs 2 and 3 while the DOC removal efficiency was almost the same. The NH 4 -N removal rate was kept high in Run 2. Although small amount of NH 4 -N was removed in Run 3 due to the assimilation by heterotrophic organisms, nitrite and nitrate were not detected in the entire experimental period, which indicates nitrification activity and growth of nitrifying bacteria were effectively inhibited by the ATU addition. As shown in Fig. 6 , the aerobic granulation was observed only when ATU was not added (Run 2). These results clearly Journal of Water and Environment Technology, Vol. 10, No.2, 2012 -84 - show nitrifying bacteria are key players for formation of aerobic granular sludge in a continuous-flow reactor. Therefore, it was considered that formation of aerobic granular sludge is possible in the presence of certain population of nitrifying bacteria even when a continuous-flow reactor is used.
Effect of Existence of Nitrifying Bacteria on Formation of Aerobic Granular Sludge in a Continuous-Flow Reactor
Although this formation strategy in a continuous-flow reactor seemed to be used for only wastewater containing a high concentration of ammonia, the COD/NH 4 -N ratio of the wastewater used in this study is not low compared with normal organic wastewater such as sewage wastewater. Hence, this formation strategy can be used widely in organic wastewater treatment. 
